Three-dimensional numerical simulations are carried out to investigate the effects of film-hole arrangement and blowing ratio on the squealer tip leakage flow field and tip film-cooling performance. Six film-hole arrangements with 13 holes are designed in the current study for comparison. In type-A and type-B, the film-cooling holes are arranged in a single row, located at the middle camber line or close to the suction-side squealer. The four modified film-hole arrangements are realized by placing two rows of total 7 film-cooling holes at the leading edge (type-C, type-D, type-E and type-F) and remaining the rest film-cooling holes in a row at the middle chord zone. The results show that the leakage flow entering the tip gap from the leading edge of suction side, the leading edge of pressure side and the middle chord and trailing edge of pressure side behaves different flow feature inside the tip cavity, inducing complicated swirling flow filed. The modified film-hole arrangements yield more reasonable film coverage on the tip surface by comparing with the single row film-hole arrangement under relatively high blowing ratios. In addition, the modified film-hole arrangements also show different rules on the film-cooling effectiveness distributions over some specific surfaces, such as tip cavity bottom surface and squealer top surface, as well as PS squealer inner surface and SS squealer inner surface. Among the presented four modified film-hole arrangements, type-D and type-F gain the most favorable film-cooling improvement.
Introduction
For high pressure turbines, tip leakage is an inherent flow phenomenon due to the clearance gap between the rotor blade tip and stationary shroud. Driven by the pressure gradient between the pressure side and suction side of the blade, a part of hot mainstream passes through the tip clearance. Vast researches have revealed that the tip leakage flow generally separates at the pressure-side edge and tends to roll up into a leakage vortex at the suction-side edge which leads to additional aerodynamic losses and reduces the stage efficiency. Furthermore, the rapid acceleration of hot mainstream flow inside the tip gap, followed by the separation and reattachment, results in a great heat transfer rate and high temperature on the blade tip surface. To protect the turbine tip surface from overheating by the hot leakage flow, tip film-cooling through discrete film holes is necessary.
Squealer tips are widely used in the modern gas turbines to reduce leakage flow. Compared with a flat tip, the rim and groove of a squealer tip increases the flow resistance of the tip leakage flow. Although the overall heat transfer rate on the cavity floor is also found less than a flat tip, thermal loads and stresses are more concentrated in the tip edge (Azad et al., 2000; Azad et al., 2002; Kwak and Han, 2002 , 2003b , 2004 . Thus, it is important to understand the detailed flow and heat transfer features, and film-cooling performances of the squealer tip. Kim and Metzger (1995) and investigated the film-cooling effectiveness on a two-dimensional rectangular tip with various film-hole configurations by using a transient liquid crystal technique. Their results indicated that the cooling air ejected Cheng, Chang, Zhang and Tian, Journal of Thermal Science and Technology, Vol.12, No.1 (2017) from discrete slots provides better film protection than the traditional round film holes under a given mass flow ratio. Kwak et al. (2003a) experimentally studied the effect of film-cooling on the thermal performance of squealer and flat tips. Their results showed that the film-cooled squealer tip achieves better thermal performance than the film-cooled flat tip. In addition, with the increase of blowing ratio the heat transfer coefficient decreases and the film-cooling effectiveness increases. Mhetras et al. (2006 Mhetras et al. ( , 2008 investigated the film-cooling effectiveness on the blade tip and near tip regions. They found that the geometry and location of film-cooling holes affect the film-cooling performance significantly. Gao et al. (2009) studied the influence of incidence angle on film-cooling effectiveness for a cutback squealer blade tip. They observed that the film-cooling effectiveness distribution is altered with the incidence angle and the positive incidence angle can increase the film-cooling effectiveness inside the tip cavity. Zhou and Hodson (2011) studied the aerodynamic performances of four different film-cooled tips under some specified coolant mass ratios and tip gaps.
As the tip clearance is very small, it is generally difficult to measure the detailed flow and heat transfer in the tip region. For this reason, the numerical simulation is regarded as an important method for illustrating the flow and heat transfer characteristics over the blade tip. Acharya et al. (2002 Acharya et al. ( , 2010 made numerical studies on the thermal performance of film-cooled squealer tips with 7 film holes along the camber line. They recommended that the single suction-side squealer tip is preferred to get the best performance. Yang et al. (2006) performed a numerical study to explore the effect of film-hole arrangements on film-cooling performance of squealer tips by using a RSM (Reynolds stress turbulence model) and non-equilibrium wall function. It was found that the upstream and two-row film-hole arrangements provide higher film-cooling effectiveness than the single row film-hole arrangement along the middle camber line. Wang et al. (2012) carried out a numerical investigation to illustrate the influence of different rim widths and blowing ratios on the tip leakage flow and film-cooling characteristics for a blade tip. They found that the separation vortex in the squealer tip cavity decreases and the total heat transfer rate increases with the increase of rim width. In addition, the local zone with low film-cooling effectiveness at the leading edge was reduced and the film-cooling effectiveness at the trailing edge was increased. More recently, Zhang et al. (2015) investigated the film-cooling with three different discrete-holes arrangements on a cut back squealer blade tip. It was found that the film holes located near the suction side rim squealer produce the best film-cooling performance.
Although there are a lot of literatures concentrated on the film-cooling of squealer tips, the effect of film-hole arrangement on film-cooling characteristics still needs further investigation to find more efficient ways for optimizing the film-cooled squealer tip design. Thus a comparative numerical study is performed in the current study that six film-hole configurations are taken into consideration. Besides, the effect of blowing ratio on the film-cooling effectiveness is also investigated. 
Calculation Details 2.1 Computational model
The first stage rotor blade of GE-E 3 high pressure turbine is selected for the current investigation. The blade model is schematically shown in Figure 1 (a). Its detailed parameters are shown in Table 1 . One cascade pitch is chosen as the computational domain according to the periodically structural feature of the cascade, as shown in Figure 1 (b). The tip clearance (t) is 1mm, corresponding to 2.4% of the blade span length. Here, approximately 57% of the blade span is taken into consideration according to the results (Lee and Kim, 2010 ) that the influence of tip leakage flow is limited within the region near the tip. This treatment is similar to that in the study of Zhou and Hodson (2011) . For simplicity, the cooling air is directly provided from a simple coolant plenum without considering the really internal cooling structure, as seen in Figure 1 (c). The height of the coolant plenum is 3mm.Six film-hole configurations are investigated in the present study for comparison, either in single-row or two-row arrangement, as schematically described in Figure  2 . In each arrangement, 13 film holes are used. The film-hole diameter (d) and length are 0.423 mm and 2.5 mm respectively. All the film-cooling holes are simply perforated with normal injection angle. Among these configurations, type-A is the most common film-hole configuration where a row of film holes is located on the middle camber line and the hole-to-hole pitch is 5d, as seen in Figure 2 (a). For type-B, the film holes are also arranged in a row, but they are close to the suction-side (SS) squealer, as seen in Figure 2 (b) . The distance between the film holes and the suction-side squealer is 2.5d. The other four types of the film-hole configurations are very different from the single-row type, where two-row film holes (3 holes in the first row and 4 holes in the second row) are arranged in the vicinity of leading edge and single-row holes (6 holes) are located at the middle chord zone, as seen in Figure 2 (c)-(f). Although these two-row film-hole configurations arrange more film holes in the vicinity of leading edge, the locations of film-cooling holes are different. The arrangement of film-cooling holes is designed on the base of pre-computation without considering tip film-cooling. As seen in Figure 3 , the local tip zone in the leading edge has low pressure coefficient and high heat transfer coefficient. Here the pressure coefficient is defined as in p in out ( ) ( )
, where P is the local static pressure, in P  is the inlet total pressure and out P is the outlet static pressure. In this figure, a separation line in the vicinity of leading edge is approximately determined. At the upstream of the separation line, the limiting streamline of the cavity flow is firstly directed toward the suction-side squealer and then divided into two parts. The first part goes to the blade leading edge while the second part goes to the trailing edge. At the downstream of the separation line, the limiting streamline of the cavity flow is mainly directed toward the middle chord of the blade pressure-side (PS) squealer. The leakage flow inside the tip cavity has an important influence on its mutual interaction with the coolant jet. Thus the film-hole arrangements in the current investigation are finally determined on such a featured flow situation. For type-C, as seen in Figure 2 (c), two rows of film-cooling holes are located at both sides of the separation line, and the distance between the hole and the separation line is approximately 1d. The hole-to-hole pitch at each row is 3d. The rest film-cooling holes are then located at the middle chord zone and their positions are nearly the same as their corresponding positions in type-B. Type-D is modified from type-C, as seen in Figure 2 (d). In this arrangement, the distance between the hole and the separation line is set as 0.5d. The hole-to-hole pitch in each row is adjusted as 2.5d. Type-E is modified on the base of type-D by increasing the distance between film-hole and suction-side squealer to 3.5d at the middle chord zone, as seen in Figure 2 (e). Type-F is also modified on the base of type-D by enlarging the hole-to-hole pitch to 7d at the middle chord zone, as seen in Figure 2 (f). The main differences between the film-hole configurations are summarized in Table 2 . 
Computational grids
The meshes used in the calculation are generated by using GAMBIT software. Five blocks are involved in the computational domain: one covering the mainstream channel, one in the coolant plenum, one in the cavity, one in the tip gap and the fifth one inside the film hole. To meet the requirement of enhanced wall treatment in the near-wall region, the mesh near the solid surface is fined. Figure 4 shows the details of grids for the computation of type-A.
In the present study, four sample grid systems are adopted for the grid independence test, where total numbers of grids are 986,125, 1,839,513, 3,317,417 and 4,214,796 respectively. From the grid independence test, it is determined that the computational result is not sensitive to the grid number when the grid number is greater than 3,317,417. Therefore, the grid system with approximately 3.3 million grids is finally selected for the computation. It consists of 1.95 million nodes in the primary flow zone, 480,110 nodes in the coolant plenum, 787,335 nodes in the tip gap and 98,087 nodes in the film holes. The averaged y+ value on the tip is 2.16. 
Computational method
Numerical simulations are implemented by commercial software Fluent. The compressible Reynolds-averaged Navier-Stokes equations are solved by a finite volume method. The standard k- turbulence model and enhanced wall treatment are selected to model turbulence according to the study of Wang et al. (2012) . Although Yang et al. (2002) found that this model obtains a higher peak heat transfer coefficient on the tip on account of the excess production of turbulent kinetic energy and eddy viscosity in the separated shear layer, the distribution of the heat transfer coefficient is in a good agreement with the experimental results. The pressure-velocity coupling adopts the SIMPLEC algorithm, and the convergence criterion is set to be the residual of 10 -6 .
Cheng, Chang, Zhang and Tian, Journal of Thermal Science and Technology, Vol.12, No.1 (2017) The boundary conditions of computational domain are specified in the following.
The mainstream boundary conditions are determined according to the work of Timko (1984) . The mainstream inlet is defined as pressure-inlet with a total pressure of 303 kPa. The total temperature of the primary flow at the inlet is 683K. Flow outlet condition is set as pressure-outlet with the static pressure of 122.7 kPa. Periodic conditions are applied to the passage boundaries.
The coolant is directly introduced into film-cooling holes from a coolant plenum. For the coolant flow, the inlet of the coolant plenum is specified as velocity-inlet according to the blowing ratio. In the current study, four blowing ratios (0.5, 1, 1.5 and 2) are selected. The temperature of coolant flow is set as 344 K.
Adiabatic no-slip condition is applied for the solid wall boundaries. According to the previous work of Krishnababu et al. (2007) , the heat transfer characteristic trends of different tips in the situation of relative movement are nearly consistent with the stationary situation. The blade and the shroud are thus all considered to be stationary in the current study.
The main boundary conditions are summarized in Table 3 . 
Parameter definitions
The blowing ratio denotes the coolant parameter, defined as:
where c  and c V are the density and velocity of the coolant, respectively,   and V  denote the density and velocity of the mainstream, respectively.
The film-cooling effectiveness is the film-cooling performance:
where T  is the mainstream temperature and c T is the cooling air temperature.
Validation of computational method
In order to validate the numerical method, a computational model is built according to the experimental model of Kwak and Han (2003a) . Figure 5 shows the comparison between the current numerical result and the experimental result of Kwak and Han (2003a) for the film-cooling effectiveness on the squealer tip. It is seen that the distribution features of film-cooling effectiveness illustrated by the experiment of Kwak and Han (2003a) are also observed in the current numerical simulation. The high film-cooling effectiveness appears on the local zone between the middle camber line and the pressure-side squealer (marked as 'A'). It indicates that the coolant jet is forced to flow from suction side to the pressure side within the tip cavity. While in the vicinity of suction side, there is nearly no film-cooling action (marked 'B'). It is clear that the calculated result agrees well with the experimental result. The leakage flow entering the tip gap from the leading edge of suction side (marked by 'A' or red streamlines) partly discharges the tip from the leading edge after impinging on the region 'D' of the cavity bottom and the inner surface of the suction-side squealer, described by 'a1'. The other part of the leakage flow goes back to the leading edge, mixes with the fluid in the cavity and then flows towards the suction-side squealer, marked by 'a2'. Little flow discharges the tip from the middle chord and the trailing edge of blade, marked by 'a3'.
The leakage flow entering the tip gap from the leading edge of pressure side (marked by 'B' or blue streamlines) is mainly divided into two parts. The first part impinges on the cavity bottom and the inner surface of the suction-side squealer, and discharges the tip from the leading edge, marked by 'b1'. The second part mixes with the fluid in the cavity and then discharges the tip from the middle chord and the trailing edge of blade, as marked by 'b2' and 'b3'.
The leakage flow entering the tip gap from the middle chord and trailing edge of pressure side (marked by 'C' or green streamlines) nearly has no interaction with the tip cavity bottom. It directly flows through the tip gap and then discharges the tip from the middle chord and the trailing edge of blade, shown by 'c1'. Cheng, Chang, Zhang and Tian, Journal of Thermal Science and Technology, Vol.12, No.1 (2017) It is certain that the leakage flow produces complex swirling flow field, affecting the development of coolant jets issuing from film-cooling holes. Figure 7 shows the flow fields in the vicinity of blade squealer tip for three different film-hole configurations under the blowing ratio M=1. For type-A, as seen in Figure 7 (a), the coolant jets issuing from the film-cooling holes are pushed toward the pressure-side squealer and exhaust out of the tip from the rear edge of suction-side squealer, producing better coolant coverage in the region between the middle camber line and the pressure-side squealer. For type-B, as seen in Figure 7(b) , the coolant jets issuing from the film-cooling holes behave very different from type-A. As the front film-cooling holes in the vicinity of leading edge are located in the upstream of the separation line, the coolant jets issuing from the front film-cooling holes generally follow the streamlines and then mix with the coolant jets issuing from the rear film-cooling holes, producing long strip-shaped film coverage near the suction-side squealer. In this film-hole arrangement, the local zones at the leading edge and middle chord close to the pressure-side are rarely protected by the film. When the film-cooling holes are arranged in type-C, as the two rows of film-cooling holes are located at both sides of the separation line, the coolant jets issuing from the first row or second row of film-cooling holes will be pushed toward different directions, as seen in Figure 7(c) . Also, as the film-cooling holes are concentrated in the leading edge, the coolant jets issuing from the first row will be directed to either the leading edge (marked as 'LE1') or suction side (marked as 'LE2'). The coolant jets issuing from the second row are mainly directed toward the middle chord of the pressure side, marked as 'LE3'. Besides, as the film-cooling holes arranged at the middle chord are close to the suction-side squealer, the strip-shaped film coverage close to the pressure-side squealer is also appeared, marked as 'LE4'. By comparing with Figure 7 
Film-cooling Effectiveness
Three surfaces are selected for individual discussion in order to understand the influence of the film-hole arrangement on the film-cooling performance, as seen in Figure 8 . They are tip cavity bottom surface, squealer inner surface, and squealer top surface on the suction side.
Cheng, Chang, Zhang and Tian, Journal of Thermal Science and Technology, Vol.12, No.1 (2017) Figure 9 presents the film-cooling effectiveness distributions on the cavity bottom and squealer top for different film-hole configurations under the blowing ratio M=1. It is found that the film-hole arrangement has a great impact on the tip film-cooling effectiveness distribution under the same cooling flow rate.
Cavity bottom and squealer top
As revealed in the above, the film-cooling effectiveness distribution tightly depends on the mutual interaction between the coolant jet and the tip leakage flow. For type-A, a strip zone with high film-cooling effectiveness appears close to the pressure-side squealer, as seen in Figure 9 (a). This feature is well validated by the experimental result (Kwak and Han (2003a) ). Also, because the coolant jet is mainly directed toward the pressure-side squealer and exhausts out of the tip from the rear suction-side squealer, the top surface of squealer in the rear section of blade is effectively protected by the coolant flow. For type-B, a strip zone with high film-cooling effectiveness appears close to the suction-side squealer, as seen in Figure 9 (b). By comparing with type-A and type-B, it is sure that type-C produces wider film coverage on the tip cavity bottom, as seen in Figure 9 (c). The rest types of film-hole arrangements are modified on the base of type-C, so they produce similar film-cooling effectiveness distribution as type-C, as seen in Figure 9 (d)-(f). However, some differences are also observed. For type-D, the film-cooling holes in the front two rows are adjusted more together compared to type-C. Thus the local film-cooling in the downstream of the film-cooling holes is improved. However, the local film-cooling close to the suction-side squealer at the leading edge and middle chord is somewhat weakened in comparison with type-C, as seen in Figure 9 (d). For type-E, as this arrangement increases the distance between film-hole and the suction-side squealer at the middle chord zone, thus the film-cooling in the region between film holes and suction-side squealer is obviously decreased in comparison with type-C, as seen in Figure 9 (e). For type-F where the hole-to-hole pitch of film-cooling holes at the middle chord zone is enlarged in relative to type-D, it is seen that this change has little influence on the film-cooling in the middle and rear zones of blade, by comparing Figure 10 presents the averaged film-cooling effectiveness distribution (average in lateral direction or y direction) along the axial direction at the tip cavity bottom. The averaged film-cooling effectiveness generally increases with the increase of blowing ratio for each film-hole arrangement. Our particular interest is that the film-cooling improvement by increasing blowing ratio is more significant for the modified film-hole arrangements (type-C, type-D, type-E, and type-F). Figure 11 shows the distribution of the averaged film-cooling effectiveness on the top of SS squealer under different blowing ratios. As the coolant jet is mainly discharged out of the tip cavity from the rear of blade, thus the averaged film-cooling effectiveness near the trailing edge (beyond 0.6C x ) is obviously higher than that near the leading edge (within 0.2C x ). For type-B, as film holes are close to the suction-side squealer, they produce the best film-cooling on the top surface of SS squealer. In some specific situations, such as type-B under M=1.5 and M=2.0, type-C under M=2 and type-E under M=1.5, a peak value of averaged film-cooling effectiveness is found to appear near 0.3C x , owing to that some coolant issuing from front film-cooling holes escapes from the tip gap in the vicinity of the corresponding position. Cheng, Chang, Zhang and Tian, Journal of Thermal Science and Technology, Vol.12, No.1 (2017) Figure 13 presents the film-cooling effectiveness distributions on the squealer inner surface for different film-hole configurations under M=1. It is found that type-A produces high film-cooling effectiveness on the inner surface at the trailing edge of pressure-side squealer. However, the inner surface in the leading edge and middle chord of blade is not nearly protected by the film-cooling, as seen in Figure 13 Figure 12 shows the total area-averaged film-cooling effectiveness on the tip cavity bottom or the top surface of SS squealer under different bowing ratios. Under a low blowing ratio of M=0.5, the arrangement of film-cooling holes has nearly no influence on the total area-averaged film-cooling effectiveness either on the tip cavity bottom or the top surface of SS squealer. However, under high blowing ratios, the modified film-hole arrangements play an obvious role on improving film-cooling effectiveness of tip cavity bottom surface, as illustrated in Figure 12 (a). The total area-averaged film-cooling effectiveness on the tip cavity bottom is increased about 80%, 100% and 110% in comparison with the type-A under M=1, 1.5 and 2, respectively. By the comparison of different modified film-hole arrangements, type-D and type-F are confirmed to gain the most favorable film-cooling improvement. With respect to the film-cooling on the top surface of SS squealer, as seen in Figure 12 (b), it is seen than type-B produces the highest total area-averaged film-cooling effectiveness. Type-D and type-C are the next ones under high blowing ratios. Cheng, Chang, Zhang and Tian, Journal of Thermal Science and Technology, Vol.12, No.1 (2017) squealer, as seen in Figure 13 (b). In general, the modified film-hole arrangements (type-C, type-D, type-E and type-F) make the film-cooling on the squealer inner surface uniform, as seen in Figure 13 Figure 15 show the averaged film-cooling effectiveness distribution (average in span direction or z direction) along the axial direction on PS squealer inner surface and SS squealer inner surface, respectively. As seen in Figure 14 , the averaged film-cooling effectiveness on PS squealer inner surface is obviously improved with the increase of blowing ratio except type-B. For type-B, as film-cooling holes are close to suction-side squealer, the coolant jet is difficult to interact with the PS squealer inner surface even under a high blowing ratio. With respect to the SS squealer inner surface, as seen in Figure 15 , it is found that the increase of blowing ratio has a little influence on the averaged film-cooling effectiveness distribution for type-A. Figure 16 shows the total area-averaged film-cooling effectiveness on the squealer inner surface under different bowing ratios. Under a low blowing ratio of M=0.5, the arrangement of film-cooling holes has a little influence on the total area-averaged film-cooling effectiveness either on the PS squealer inner surface or SS squealer inner surface. Under high blowing ratios, it is noted that type-B produces the weakest film-cooling on PS squealer inner surface and type-A produces the weakest film-cooling on SS squealer inner surface. The modified film-hole arrangements all achieve good total area-averaged film-cooling effectiveness. 
Squealer inner surface

Conclusions
Numerical simulations have been carried out to investigate the tip film-cooling performance for six film-hole configurations. The major conclusions are listed as follows.
(1) The leakage flow entering the tip gap from the leading edge of suction side, the leading edge of pressure side and the middle chord and trailing edge of pressure side shows different flow features inside the tip cavity, inducing complicated swirling flow filed.
(2) The modified film-hole arrangements (type-C, type-D, type-E and type-F) where two rows of total 7 holes are located at the leading edge produce more reasonable film coverage over the tip surface by comparing with the single row film-hole arrangement under high blowing ratios. Whereas under a low blowing ratio, the benefit of the modified film-hole arrangements for improving the film-cooling on the squealer tip is very weak.
(3) The modified film-hole arrangements show different roles on the film-cooling effectiveness distributions over specific surfaces, such as tip cavity bottom surface and squealer top surface, as well as PS squealer inner surface and SS squealer inner surface. Among the presented four modified film-hole arrangements, type-D and type-F gain the most favorable film-cooling improvement. 
